To evaluate perfume performance in toilets, we built model toilets in which critical factors such as background malodour, climate, and airflow were controlled. The models were equipped with an odour generator that injected hydrogen sulfide, methyl mercaptan, butyric acid, para-cresol, and indole, allowing us to accurately and reliably reconstitute toilet malodour headspace. The malodorant concentrations matched the quantitative headspace analysis performed in African and Indian toilets.
We initiated our research by identifying molecules that contribute the most to the offending malodour of toilets. Over the course of several field trips we analysed the sludge of toilets in Africa and India, and selected 19 molecules to prepare 40 reconstitutions of toilet malodour. 1 Using 'Sniffin' Sticks', pen-like odour dispensers, we validated the most representative reconstitutions in sensory surveys with local people in India and Africa. 2 We found that a mixture of only four compounds, butyric acid, p-cresol, indole, and dimethyl trisulfide, was necessary to evoke toilet malodour. 2 We used dimethyl trisulfide because it is a liquid at room temperature with an odour that approaches that of hydrogen sulfide and methyl mercaptan, two important components of toilet malodour. 3, 4 We developed an analytical method to quantify hydrogen sulfide, methyl mercaptan, butyric acid, p-cresol, indole, and skatole in the headspace of latrines in Africa and India. 5 Knowing the gas-phase concentrations of the major contributors to toilet malodour allowed us to recreate realistic toilet malodour with synthetic compounds by using olfactometers in the laboratory. Consequently, we were able to test perfumes in a stable and precisely defined background of toilet malodour to find optimal perfume formulations and concentrations.
This approach was not enough, however, to evaluate the performance of perfumes to mask toilet malodour. To develop perfumes that are pleasant in the different climates of Africa and India, we need to understand how temperature and humidity modulates the perception of toilet malodour and perfumes. Temperature affects the evaporation rate of odorant molecules and the resulting gas-phase concentrations, a key factor that influences the perception of odours. Consequently, the same liquid mixture of odorant compounds may not have the same smell when presented in climates that differ in temperature. Although barometric pressure and humidity have been shown to influence odour detection thresholds, 6-8 lit- tle is known about the effect of temperature and humidity on perception itself, regardless of the gas-phase concentrations of the odorant molecules. More recently, researchers have reported that the integration of temperature signals is partially located in the olfactory systems of rodents and frogs, 9, 10 suggesting that there are interactions between temperature and olfactory systems.
This article describes the development and validation, by chemical and sensory analysis, of an experimental toilet model system that allowed us to evaluate the perception of odours delivered in a controlled manner, in different climates, by varying the temperature and humidity. Inside a climate chamber, we built three model latrines where perfumes can be delivered by delivery systems such as liquids, powders, gels, or cellulosic pads. We also equipped our models with a forced evaporation system inspired by the olfactometer developed by Vuilleumier et al, 11 allowing us to deliver known gas-phase concentrations of odorant molecules. The toilet malodour analysed in urine-diverting toilets (UDTs) in Mukuru (Nairobi) was reconstituted, 5 and we evaluated the performance of a perfume in covering this malodour in four different climates in sensory panels.
| MATERIALS AND METHODS

| Chemicals
The compounds triethylamine, N-ethylmaleimide (NEM), and methyl octanoate were purchased from Sigma-Aldrich (Buchs, Switzerland), and butyric acid, p-cresol, indole, and L-cysteine were in-house products. The solvents propylene glycol, diethyl ether, methanol, ethyl acetate, and acetone were purchased from Carlo Erba (Val de Reuil, France). For methyl mercaptan and hydrogen sulfide, we used nitrogen mixtures at 15 ppm (v/v) in pressurized cylinders purchased from Carbagas (Carouge, Switzerland). Solid-phase extraction Oasis HLB 1-g cartridges were purchased from Waters (Montreux-Chailly, Switzerland). The perfume was an in-house product with floral tonality, and was a mixture of odorant volatile organic compounds. 
| Model latrines
| Odour generator
To force the evaporation of liquids we modified the lower chamber of the olfactometer, as described by Chappuis et al. 
| Climate chamber
The climate chamber dimensions were 3.42 m 9 2.95 m 9 2. Moreover, we placed a probe (Traceable â hygrometer; VWR International, Radnor, PA, USA) inside the latrine to punctually measure the RH and temperature to ensure that the differences in temperature and RH between the air inside the climate chamber and the air inside the latrines were minimal. We aimed to maintain the temperature difference below 1.5°C and the RH difference below 5%.
| Participants
The participants for the sensory panels were employees from the research centre at Firmenich SA (Geneva, Switzerland). Ten sessions were organized and the number of participants for each session was 
| Stimuli
The participants were exposed to six odorant mixtures delivered in latrines in four different climates. The odorant mixtures were Mukuru (Nairobi) UDT malodour alone, the perfume (Floral tonality, in-house) alone, and mixtures of the malodour and the perfume released at four different gas-phase concentrations (0.18, 0.54, 1.62, and 4.9 lg/L).
The malodour was reconstituted from Mukuru toilets because they contain all of the significant molecules and come from wellmaintained toilets. It was composed of hydrogen sulfide, methanethiol, butyric acid, p-cresol, and indole, the gas-phase concentra- 
| Sensory protocol
The participants were randomly exposed to the odour stimuli in the different climates. As only three latrines were available, the six odours were split into two groups, each containing the malodour alone or the perfume alone, the malodour plus a low dose of perfume, and the malodour plus a high dose of perfume. The first and the last sessions were used as controls to assess the reliability of the panel, and were composed of the malodour alone, the perfume alone, and a mixture of both. The participants entered the climate chamber and directly evaluated the odour of the three latrines by answering a paper questionnaire made with the software FIZZ (Biosystems, Courtenon, France). The questionnaire is available in the Figures S1 and S2. They re-evaluated the odour of each latrine after a 3-min adaptation to the climate. They were asked to rate, on linear scales of 0-10, the pleasantness from 'I don't like' to 'I like', the familiarity from 'not familiar' to 'very familiar', the intensity from 'no odour' to 'very strong', the faecal/toilet character from 'not faecal/toilet' to 'very faecal/toilet', and whether they wanted to enter the latrine from 'not at all' to 'very willingly'.
| Headspace analysis
The Mukuru malodour was released in the model latrines as described above. The climate was set to 25°C at 50% RH. The Prior to injection in the GC-MS, both organic phases were gently concentrated to 1 mL under argon flow. The analysis was performed by injecting 1 lL of the eluate into the GC-MS as described below.
| Headspace analysis calibration using an olfactometer
Using an olfactometer, we created headspaces with known concentrations of butyric acid, indole, p-cresol, methyl mercaptan, and hydrogen sulfide to calibrate our analytical method, as described by Chappuis et al. 5 Briefly, air with known quantities of compounds was sampled with Oasis cartridges loaded with the derivatization agent NEM (described above) at the outlet of the olfactometer.
Methyl mercaptan and hydrogen sulfide were released into the olfactometer from pressurized cylinders containing a mixture of 15 ppm of both sulphur compounds in nitrogen. The flow of both sulphur compounds was controlled with rotameters (V€ ogtlin TV 100). Butyric acid, indole, and p-cresol were released by forcing the evaporation of propylene glycol solutions from a 1-ml polypropylene syringe mounted on a syringe pump delivering 0.101 mL/h. The solution was introduced into the lower chamber, which was heated to 150°C by using an oil bath. Nitrogen was introduced into the lower chamber at 60 L/h to collect the products that evaporated, 
| Data analysis
The questionnaires were scanned and the data stored in FIZZ The level of significance was set at P < 0.05. To determine the concentrations of malodour compounds in the gas phase of the model latrines, we established calibration curves by using linear models on the ratio of the peak area of volatiles and IS as a function of the gas-phase concentrations in the olfactometer. Using these calibration curves and the inverse prediction function in R (CHEMCAL package), we were able to predict the gas-phase concentrations inside the model latrines.
| RESULTS
We created the typical Mukuru faecal toilet malodour through a controlled release of methanethiol, hydrogen sulfide, butyric acid, pcresol, and indole by spraying the gas and vaporizing the liquids in a hot chamber flushed with nitrogen ( Figure 1 ). 5 The headspace was When the subjects stepped into the climate chamber, they were exposed to the temperature and humidity set up for the experiment;
therefore, for the present study, they were asked to make a first evaluation of the odour directly after entering the chamber, and to make a second evaluation after a few minutes of adaptation to the climate. Adaptation had no significant effect on the criteria used to evaluate the odour. The data with and without adaptation were then averaged.
Four descriptors were proposed to the subjects: pleasantness, willingness to enter the toilet, faecal character, and intensity. The panel was reliable, as the results obtained with the panel when we repeated the first and last sessions did not significantly differ (Figure 3) . Considering that the panel is reliable and the olfactory stimuli
were not delivered in the same order during the first and the last session, we did not find any bias resulting from a potential intrinsic odour of a particular model latrine. No odour was detected when syringe pumps stopped or when the gas was switched off. Therefore, to save panelists time, sniffing blanks were not performed.
The climate significantly affected the intensity, but had no significant effect on the other criteria of pleasantness, familiarity, faecal character, and willingness to enter the latrines. According to the statistical analysis, the increase in temperature significantly decreased the overall intensity (ANOVA, P < 0.0001; Kruskal-Wallis, P < 0.001; Figure 4A ). Similarly, but to a lesser extent, an increase in humidity significantly decreased the intensity (ANOVA, P < 0.05;
Kruskal-Wallis, P < 0.05), as shown in Figure 4B . A combined increase in humidity and temperature did not significantly further depress the overall intensity, however. The significant effect of temperature was mainly linked to differences in means obtained with the malodour alone, with the mixtures of the malodour and the highest perfume concentration, and with the perfume alone. The significant effect of humidity was mainly due to the mixtures of the malodour and the highest perfume concentration, and to the perfume alone. The intensity for malodour alone, perfume alone, and the mixtures of malodour in addition to increasing perfume concentrations were similar, as pairwise comparisons (Tukey honest difference) revealed no significant differences ( Figure 4C ).
The faecal character was significantly depressed when the perfume concentration was increased, as shown in Figure 5 . As opposed to the direction of the faecal character ratings, the pleasantness ratings increased significantly as a function of increasing concentrations of perfume ( Figure 6 ). Because we made three model toilets and tested six olfactory stimuli, we split the six stimuli into two groups: The effect of the treatment groups on the willingness-to-enter ratings was much lower than that on the pleasantness ratings.
The climate chamber was set for four climate conditions: 22°C at 30% RH, 22°C at 80% RH, 35°C at 30% RH, and 35°C at 80%
RH. The temperature and RH conditions were reached by using the temperature controlling system ( Table 1 ). The temperatures and the RHs inside the climate chamber and inside the model latrines were less than 1.5°C and 5%, respectively (Table 1) .
| DISCUSSION
We were able to validate our gas-phase reconstitution of the Mukuru toilet malodour with our analytical method, and we demonstrated that the latrines, were not affected by the climate modifications. Our results also showed that our experimental set-up allowed the construction of dose-response curves, although the results were strongly affected by grouping olfactory stimuli.
To our knowledge, this study is the first report on the perception of odours presented at the same concentrations in different climates that varied in both temperature and humidity. Temperature clearly affected the evaporation rates of odorant compounds, and then changed the perception of odours. Our experimental set-up delivered the odours with a forced evaporation system, freeing us from the effect of temperature on the evaporation rates of odorant compounds and allowing us to focus on perception. Our results showed that temperature and humidity increments depress the perceived intensity of the odour treatments. Previous research showed that atmospheric pressure and humidity affected the detection threshold of pure compounds released by 'Sniffin' Sticks'. Kuehn et al showed that in hypobaric conditions, the olfactory detection threshold increased compared with that in normal baric conditions. 6 The authors thought that the decrease in olfactory sensitivity could be explained by the hypobaric condition, which implies gas expansion that consequently reduces odorant concentration. In contrast, they found that humidity increased olfactory sensitivity by decreasing the olfactory detection threshold of single compounds. We showed that humidity slightly decreased the perceived intensity of odours, suggesting a decrease in olfactory sensitivity. However, we tested mix- F I G U R E 4 A, Mean AE 95% confidence interval (95% CI) of intensity evaluation at 22 and 35°C; the data obtained with all odours at 30 and 80% humidity are combined. B, Intensity evaluation obtained with all odours at 30 and 80% humidity; the data at 22 and 35°C are combined. C, Evaluation of the intensity of the sensory stimuli with a constant Mukuru urine-diverting toilet (UDT) malodour and increasing perfume concentration (all climates combined). Asterisks show the levels of significant differences in the means: ***P < 0.0001, *P < 0.05 epithelium to reach the receptors of the olfactory neurons. 13 When temperature increases, the vapour pressure also increases, and this reduces the number of molecules that cross the mucus, resulting in a decrease in intensity; however, mammals maintain a steady body temperature and the nose plays a crucial role as a powerful air-conditioning machine to keep near-alveolar conditions at the outlet of the nose on inhalation. 14, 15 For example, Farley and Patel demonstrated that breathing air at -17°C resulted in a temperature of 32.7°C in the pharynx. 16 Consequently, the difference in the climates in our experiments are not likely to result in a change in temperature inside the nose that caused a significant change in the vapour pressure of the compounds tested. Another explanation for the decrease in intensity ratings as a result of the effect of temperature on odour perception could be that olfactory and heat signals share, in part, a common neuronal network. 9, 10 In our study, the effect of temperature and humidity on perception was limited to variable intensity only. This result lessens the importance of the effect of both physical variables on the perception of odours in our study. The evaporation rate is much more sensitive to changes in temperature, resulting in different gas-phase concentrations of odorant compounds, and thus modifying perception. These model latrines were also designed so that we could evaluate the delivery systems at the perception and analytical levels to ensure a sufficient gas-phase concentration of perfumes to reduce the malodour of toilets.
Our gas-phase reconstitution of Mukuru UDT malodour was evaluated as strong and very faecal. This is in line with our previous work and with research showing the importance of butyric acid, pcresol, indole, hydrogen sulfide, and methyl mercaptan as components of human faecal odour. 2, 3, 17 Releasing the sulphur compounds stably is challenging because they are unstable gases. We overcame this problem by releasing mixtures of both compounds in nitrogen from pressurized cylinders. In addition to these channels for releasing gases, we equipped our model latrines with a forced evaporation system to deliver compounds that are liquid or solid at room temperature. Moreover, the odours were delivered in a continuous flow, ensuring the stable concentration of odours over time. This method greatly facilitated the sensory panels because the first panelist smelled a mixture that was equal to that smelled by the last panelist.
It also allowed us to reconstitute a realistic olfactory background of toilets, and to stably deliver known quantities of a perfume to evaluate its performance to reduce the malodour. We could show that the total concentration of this particular perfume should be above 1.6 lg/L to efficiently reduce our strong background malodour, and to obtain positive pleasantness ratings; however, we showed that Herz, 18 and also by Ferdenzi et al. 19 We found that pleasantness ratings were positively correlated with the concentration of perfume in the presence of the malodour background. This could be explained by the fact that the faecal character was negatively correlated with the concentration of the perfume, and that the perfume alone was pleasant. Toilet malodour is generated by decomposing material, and is generally perceived as disgusting. [20] [21] [22] The odours of faeces, vomit, or decaying material are associated with potential microbial threats, and they elicit avoidance. 23 Thus, it was not surprising that the willingness to enter the model latrine was positively correlated with pleasantness. This result suggests that a pleasant odour should promote the use of clean and well-maintained toilets as, among other factors, odour plays an important role in the perception of the cleanliness of toilets. 24 We improved the analytical method described by Chappuis et al 5 to quantify hydrogen sulfide, methyl mercaptan, butyric acid, p-cresol, and indole in the gas phase. In the previous method, the air sample was pumped through a wash bottle filled with buffered water containing the derivatization agent NEM. The water trapped the target molecules, and sulphur compounds were derivatized with NEM.
The water was then loaded on Oasis HLB cartridges. In our study, instead of using water as a trap, we directly sampled the air through the Oasis cartridges previously loaded with NEM and triethylamine.
To our knowledge, this is the first time that solid-phase extraction cartridges such as Oasis HLB have been used to directly collect volatile organic compounds and sulphur compounds from the air. These cartridges are mainly used to extract compounds from liquid. [25] [26] [27] [28] [29] They contain a solid phase made of a co-polymer of N-vinylpyrrolidone and divinylbenzene, giving them interesting hydrophilic and lipophilic properties. The phase is wettable because of the N-vinylpyrrolidone, and divinylbenzene provides the reversed-phase retention of analytes. 30 Here, we showed that air samples can be pumped 
